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     2,3-Diphosphoglycerate(2,3-DPG) is a cornpound which is known
as a coenzyme(or cosubstrate) of the phosphoglycerate mutase
(PGA mutase: EC 2.7.5,3) reaction (Fig. I)[1,2]. Recently,
besides this role, many physiologiÅëal functions of 2,3-DPG have
been recognized.
     In the red cells of hurnan and most maTrunals, 2,3-DPG is a
major component of the organic acid-soluble phosphates [3] and
its concentration is rnuch greater than would be expected of its
requireinent as the coenzyrne of the PGA mutase reaction. :n
1967rChanutin and Curnish [4] as well as Benesch and Benesch [S]
dÅ}scovered that 2t3-DPG is bound to hemoglobin and thereby induces
a shift to the right of the oxyhemoglobin dissociation curve.
The reduction of the oxygen affinity of hemoglobin is caused by
an allosteric effect of 2,3-DPG on the hemoglobin tetrarner due to
a preferential binding of this compound to special sites of the
B'chains of the deoxyconfoirmation [6-9]. Frorn these finding$
and accumulating physiological evidences [10-13], it is now
established that oxygen unloading to the tissues is decisÅ}vely
controlled by 2,3-DPG.
     2,3-DPG not only influences the functional property of he-
moglobin but also inhibits a number of red cell enzyTnes. Many
reports have suggested that 2,3-DPG influences the rate of red
cell glycolysis by its direct inhibitory effect on glycolytic
enzyrnes: hexokinase(Ec 2.7.1.!), phosphoglucomutase(EC 2.7.5.1),
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phoglycerate kinase(EC 2.7.2.3), diphosphoglycerate mutase(EC
2.7.5.4) and pyruvate kinase(EC 2.7.1.40) [14~19]. 2,3-DPG
is also assumed to be an agent which prevents the loss of
adenine nuc1eotides of the red cell by inhibition of adenylate
dearninase(EC 3.5.4.6) [20J. Besides these enzymes, 6-phos-
phog1uconate dehydrogenase(E~ 1.1.1.43) [21J, transketolase(EC
2.2.1.1) and transaldolase(EC 2.2.1.2) [22], 5-phosphoribosyl
I-pyrophosphate synthetase(EC 2.7.6.1) [23,24], N1P pyrophosphate
phosphoribosyltransferase{EC 2.4.2.7) and IMP pyrophosphate phos-
phoribosyltransferase(EC 2.4.2.8) [24] are inhibited by 2,3-0PG.
In tissues, although the concentrations of 2,3-0PG are not
so high as those of red cells (Chapter 1) [25], inhibitory effects
of 2,3-0PG on several enzymes have been found. Among them are
rabbit muscle pyruvate kinase [16] and phosphoglucomutase [26J,
beef liver phosphoglucomutase (unpublished observation) and
O-glycerate dehydrogenase(EC 1.1.1.29) [27J.
Such numerous studies on the physiological functions of
2,3-DPG indicate the need for regulation of the cellular level
of 2,3-0PG. However, as yet there is not a good understanding
of the mechanism by which the level of 2,3-DPG is controlled in
animal cells. As shown in Fig. 1, the synthesis and breakdown
of 2,3-DPG constitute a bypass of the phosphoglycerate kinase
step of glycolysis. Rapoport has demonstrated that, in red
cells, this shunt is effected by two specific enzymes, diphospho-
glycerate mutase (DPG mutase: EC 2.7.5.4) and 2,3-diphosphoglyc-
erate phosphatase (DPG ase: EC 3.1.3.13), both of which catalyze
irreversible reactions (Fig. 1) [28,29J. These two enzymes are
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not only present in red cells but also have been found in ether
tissues [30-34]. In recent years, these two enzyrnes have been
purified from hurnan red cells and their properties have been
studied [14,3S-39].
        -
     The present studies were undertaken in order to understand
how the level of 2,3-DPG is regulated in anj.rnal eells. This
              t-
          1thesis descrSbes that DPG mutase and DPG ase activities responsi-
ble for 2,3-DPG metabolism are displayed by the same enzyrne
pretein having PGA mutase activity, and this fact is very in-
portant as a regulatory tnechanism for 2,3-DPG metabolism. :n
additiont the methods for the determination of 2,3-DPG in bio-
logical samples are also described.
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CHAPTER 1 THE IVIIcRoDETERMINATIoN oF 2,3-DIPHospHoGLYCERATE
     The method for the detennination ef 2,3-DPG levels in an)--
rnal cells is required for better understanding of 2,3-DPG metab-
olisrn and of the physiological roles of this compound.
     There are two fundamentally different enzymic procedures
for assaying 2,3-DPG. The first rnethod is based on the finding
that phosphoglycolate stirnulates the DPG ase activity exhibited
by the PGA mutase proteÅ}n {40,41]. Inorganic phesphate or
3--PGA produced is determined by the colorirnetric method or by
!neasuring the enzymically coupled oxidation of NADH. The
second method utilizes the cofactor activity of 2,3-DPG in the
PGA mutase reaction by the enzyme from yeast or muscle [42r43].
The product of the PGA mutase reactien has been rneasured spectro-
photornetrically at 240 nm by coup!ing to enolase. Although
this rnethod is the most sensitive oE pub!ished procedures, only
the order of the 2,3-DPG concentration in tissue extracts has
been shown by its application [25,42].
                                                        '
     In thÅ}s chapter a polarimetrie rnethod to determine 2t3-DPG
based upon its coenzyrnic activity in the PGA mutase reaction is
deseribed. The amount of 3-PGA produced from 2-PGA is measured
polarirnetrically as the molybdate comp)ex [44,45]. Although
this rnethed depends on the rate of the PGA mutase reaction as in
the spectrophotometric method, it does not use coupling enzymes.
This should help to minimize interference. With use of this
Method, 2,3-DPG in hemolysates and tissue extracts was determined
quantitatively. '
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  MATERIAZ,S AND b!ETHODS
  !t!!!gzE!!gfi-ansl"-S!!!e!!!j,gl,EmsandChemicals
      Crystalline yeast PGA mutase was prepared by the procedure
  described previously [46]. The enzyrne solution(100 pg/ml) di-
  luted by O.5g ammonium sulfate can be stored at 50C for three
.. days without any loss of the activity. 2,3-DPG was obtained
          -
  fror" Boehringer-Mannheim. Glycerol 2-phosphate was from Sigrna.
  DL-2-PGA was synthesized by the oxidation of glycerol 2-phosphate
  according to the method of Kiessling [47], then it was purifi6d
  on a Dowex-ICI colum as described by Bartlett [48].
  Pre aration of Extracts
       Assay for 2,3-DPG was perforrned on the neutralized TCA su-
  pernatant of tissue extr'acts and hemolysates. Liver and kidney
  were quickly removed frorn a rrtale rat and homogenized- in an equal
  volurae of ice cold water in a glass homogenizer with a Teflone
  pestle. The homogenates were deproteinized by the addition of
  O.25 voZume of 251 TCA solution and the clear supernatant was
  neutralized by sodium hydroxide solution. Blood withdrawn in
  the presence ef Anglot ET as anticoagulant was washed three times
  with ice cold O.9i NaCl solution. The red cells were hemolysed
 by the addition of an equal volurne of ice cold water and freezing.
 After thawingt hernolysates were deproteinized and neutralized.
 The extracts obtained were diluted appropriately on assay-
,PEss2-tE--l2g-{!EEAzGAMutaseAss
      In a solution containing rnolybdate ions, the values of the
 specific rotation ([a] 1 glm!141i.3 nm, light path = 10 cm) of
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2-PGA and 3-PGA are -266 and -2780, respectively. ' This proper-
ty can be used to analyze for the amount of 2-PGA converted to
3-PGA by PGA mutase. The reaction mixture contained 2.64
umoles of DL-2-PGA, 200 vmoles of sodium acetate buffer(pH 5.9},
2,3-DPG sarnple, and O.8S pg of the crystalline yeast PGA mutase
in a final volume of 2.0 ml. The reaction was carried out at
250C and stopped by the addition of 2 ml of 20t arnmonium rnolybdate
solution. The arnount of 3-PGA produced was rneasured polarirnet-
ricalZy at 411.3 nmCFilter-3) with Union Giken High Sensitivity
PolariTtteter PM-70. The rate of PGA mutase reaction was not
affected by the presence of the neutralaized TCA at the concen-
tration of l.5g in the reaction mixture. rnorganic phosphate
CO.25 mMt pH 6.0) does not affect the rate.
RESULTS AND D!SCUSS!ON
Standard Curve
     Table 1 shews dependency of the PGA mutase activity on 2,3-
DPG added. ActivitY was detected when no 2t3--DPG was added.
It has been proved that this activity is not due to 2,3-DPG in
the enzyrne preparation but due to that in the DL-2-PGA prepara-
tion (see Chapter 2: 2,3-DPG in the DL-2'PGA preparation was
found to be O.S9 rnrnolelmole of DL-2--PGA. This value is not
required for the method in this chapter). Therefor, the initiaZ
velocity(v) at a constant DL-2-PGA concentration is expressed
by Equatien (I).
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Table 1.' Activity and 2,3'DPG Concentration
Concn          aof 2,3-DPG Cvt4)
vb x io3

































   a The concentration in the PGA mutase reaetion mixture.
   b vmoles of 3-PGA forrned in 1 min at 250C.
   c vo is the initial velocity-gbtained without the addition
                   is 8.4 x 10 .
 ef 2,3--DPG and
              - vÅq[co]+ [Ca]) - a)
            V- [eo + Ca +K
Here, Co is 2,3-DPG in the DL-2-PGA preparation and Ca is 2,3-
DPG added. K is an apparent Michaelis constant of 2,3-DPG
and V is the maximal velocity. Equation (I) gives Equation (II}
in which vo is the initiai velocity in the absence of 2,3-DPG
added ([Ca] = O).
          vl vo = [CO]vili K ([CO ][ c+.]K + 1) az)
Piot of 11(v - vo) versus 11[Ca] gives a straight line. The
data in Table l were converted to a linear line by plotting
11{v -- vo) versus 1/[Ca] as shown in Mg. 2. This method is
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Fig. 2. Calibration line for 2,3-DPG.
     The data in Table 1 were converted to









    The results obtained by
in Table 2. The arnount of
that of the extract added.
the additÅ}on of known amounts
and recoveries. They were
These indicate that the rate
affected by substapces which
using this method are summarized
2,3-DPG found was proportional to
 Table 2 shows also the effect of
 of 2,3-DPG to some of the extracts
found to be recovered quantitatively.
of the PGA mutase reaction is not
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The removai of TCA left in the sample was unnecessary. It was
reported that the arnounts of 2,3•-DPG in rat liver and kidney were
lower than O.S ymole/g of the tissue [25]. The values obtained
for the erythrocytes of human and rat are in good agreernent with
those from many laboratories. It is a well-known fact that
2,3-DPG concentrations in the erythrocytes of ungulatest such as
goat and beef, were some hundreds times iower than those of the
other marnrnals. The method of Rose et aZ.[40] was not appli-
cable to sorne of'extracts and hemolysates, because of high levels
of inorganic phosphate as compared with 2,3-DPG.
     The DPG ase activity of yeast PGA ;nutase protein was found
to be activated by phosphoglycolate and hydroxypyruvate phos-
phate [49]. To deterrnine 2,3-DPG in human and rat erythrocytest
yeast PGA mutase and hydroxypyruvate phosphate or phosphoglycol--
ate could be substituted for rnuscle PGA rnutase and phosphoglycol-
ate in the systern of Rose et aZ. [40].
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CHAPTER 2 2,3-DIPHOSPHOGLYcERATE AND PHOSPHOGLYCERATE MUTASE
LEVELS IN ANIMAL TISsuES AND ERYTHROCYTES
     It has been observed that the level of 2,3-DPG Å}n human red
cells changes in response to pathologic conditions ISO-53].
Identification of the physiological significance of high 2,3-DPG
contents [7] is expected to make it possible to interpret some
metabolic diseases at the mo!ecular levels [53]. This prompted
the author to compare the 2,3-DPG concentration in the erythro-
cytes of patients with those of norrnal subjects. PGA Tnutase
was chosen as a marker for glycolytic enzyrnes to examine whether
the diseases tested are accompanied by changes in glycolytic en-
zyme activities or not. Polarimetric assay [54] of PGA mutase
is not interfered wÅ}th hemoglobin. Complete inhibition of
enolase(EC 4.2.1.U) and phosphoglycerate kinase(EC 2.7.2.3) by
the addition of EDTA avoids cornplications due to consumption of
the substrate of PGA mutase(2- or 3-PGA} by these enzymes.
The PGA rnutase activity is not affected by EDTA. [Dhust of the
enzymes in erythrocytes, the PGA mutase activity is readily
quantitatively deterrninable without any pretreatment of hemoly-
sates. Since 2,3-DPG is alse required as a coenzyTne in the
PGA mutase reactionr howeverr it is impossible to determine wheth-
er a change observed in the activity Å}s due to a change in the
Euneunt of enzyme or in the 2,3-DPG concentration, if the hemol-
ysate is used without dialysis. In the present workr a ki-
netic device made it possible to determine the 2t3-DPG concentra-
tion and t'he PGA mutase activity simultaneously in hemolysate
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without'any pretreatrnent. By this rnethodt a marked increse
of PGA rnutase activity was observed in erythrocytes of patients
with anenta and congestive heart failure.
     PGA mutase is ene of the enzymes functioning at the branch-
ing point of the carbohydrate rnetabolisrn and serine biosynthe-
sis( in erythrocytes, enzyrnes responsible for serine biosynthe--
sis s-Tere not observed ). Three enzymes, PGA mutase, phospho-
glycerate kinase and 3-PGA dehydrogenase(EC l.1.l.95) compete
for a common substrate, 3-PGA. The significance of the com-
petition of several enzymes for a common substrate in metabolic
regulation is not well known [55]. The direction and rate of
3-PGA disappearance are dependent not only on the concentration
of each enzyrne and on its affinity for 3-PGA but also on the
concentration of the seeond substrate(2,3-DPG, ATP and NAD+) of
each enzyme. Xn view of the possible role played by this in
controlling the pathways, it seems important to estimate quanti-
tatively the factors which direct 3-PGA disappearance. The
concentration of 2,3-DPG and the PGA rnutase activity in crude
extracts frorn tissues Emd in hemolysates were deterndned.
The apparent Michaelis constant of 2,3-DPG was also calcuiated.
These values are presented not only as evidence for the validity




     DL-2-PGA
METHODS
was synthesized and purified by the rnethods de.
14
scribed in Chapter l• The purified Dl[,--2-PGA contained a smal!
amount of 2t3-DPG. By means of the kinetic method described in
this chapter and with the use of crystalline yeast PGA mutase,
the amount of 2,3-DPG in DL-2-PGA was determined to be O.S9
mrnole per mole of DL-2-PGA. 2,3-DPG and 3-PGA were purchased
from Boehringer Mannheim.
2P!e-M}!!igEe-e!EE9LGAMt A
     The reaction mixture contained 99 vmoles of DL-2-PGA, 3e
vrnoles of imidazole (pH 5.9), O.3 umole of EDTA and the arnounts
of 2,3-DPG Å}ndicated in the legends for the figures in a final
volume of 3 ml. After the reaction was carried out at the
temperatures indicated in' the legends Eor the figures, the reac-
tion rnixture was deproteinized by the addition of O.7 rn1 of
25g TCA solution and subsequent centrSfugation. The super-
natant(3 rnl) was neutralized with O.2 rnl of 4.6 N NaOH. After
3.2 ml of 20g armonium molybdate selution was added, the amount
of 3-PGA produced was measured polarimetrically as described
in Chapter 1.
EtL!s2Eg!zg:9j,gn-g!-El2s!!!gg!!2earatlonofExtracts
     Freshly prepared organs from male Wistar rats were chilled
on ice in a beaker, washed with cold O.91 NaCl and minced with
scissors. The ndnced tissues were hornogenized in a rnotor-
driven Teflon. homogenizer with an equal volume of 20 mM Tris
buffer(pH 7.5) containing e.1 rn)4 DTT and 1 TnM EDTA. The homo-
 genate from rat liver was centrifuged at 100,OOO x g for 60 min,
 and the supernatant was used for experirnents, while the homoge-
 nate from 'rat kidney was. used without centrifugation. Venous
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bZood was withdrawn from a cubital vein of normal subjects and
patients, using heparin as an anticoagulant. Rat blood was
withdrawn from the heart. Plasma and buffy coat were rernoved
by aspiration after centrifugation of the freshly drawn heparz-
nized blood. Red cells were washed with cold O.9Z NaCl.
The packed cells were hemolysed by the addition of an equal voZ-
umeof cold distilled water. The extracts(the homogenates froin
tissues and the hemolysates) were diluted appropriately with the
above buffer to rneasure the PGA mutase activity and the concen-
trationof 2r3-DPG. A)iquots of the extracts were deproteinized
by the addition of O.25 volume of 25g TCA solution and the super-
natants were neutralized to rneasure the concentration of 2,3-DPG.
                                      ,
RESULTS AND DISCUSSrON
9tp!!g!g],-R!!tmalH
     As shown in FSg. 3, the optimal pH of the enzyme frorn rat
liver was pH 5.9, which was the sarne as those for the yeast [54]
and rabbit rnuscle enzymes [56]. All enzymes from liver, kidney
and erythrocytes of rat and human erythrocytes gave sirnilar curves
of pH dependency of the activity.
Determination of PGA Mutase Activit and Concentration of 2,3-DPG
    The activity of all extraets was inhibited by 2-PGA cornpeti-
tively with 2,3-DPG. Because of lirnitations in the sensitivity
                                                           ,oi the assay method, it was impossible to vary the concentration
of 2-PGA without altering the inhibitory effect. Inhibition
by 2,3-DPG at high concentrations was also observed. However,
                      '
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Fig. 3. 0ptirnal pH of PGA mutase from rat iiver.
     The reaction mixture was as described in the text except
for the presence of O.3 pmole of 2,3-DPG. The reaction was
performed at 2SOC. O, 30 vrnoles oi acetate buffer; A, 30
                             , 30 umoles of Tris buffer.'vmoles of imidazole buffer; 
the inhibition constant for 2,3-DPG is so much larger than Km
for 2,3--DPG that it was possible to vary the concentration of
2,3-DPG in the range over whieh the inhibition by 2,3--DPG could
be neglected. Thus, the maximal activity, indicating the
amount of enzyrne in the extracts, can be obtained by extrapo-
latien of the' 2,3-DPG-velocity pattern to infinite concentration
of 2,3-DPG. A typicai pattern used to estimate.the maximal
activtty ef the extract from rat liver is shown in Fig. 4.
The intersection of the two lines at a peint on the 11v axis
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Fig. 4. Effect of 2-PGA and 2,3-DPG concentrations on PGA mu-
tase from rat liver.
     The reaction rnLxture was as described in the text except
for the concentrations of 2-PGA and 2,3-DPG, indicated in the
figure. The hornogenate from rat liver prepared as described
in the text was diiuted with 20 mlv! Tris buffer(pH 7.5} contain-
ing O.1 rnM DTT and 1 rnM EDTA to eliminate the effect of endoge-
neous 2,3-DPG. The reaction was started by adding O.2 ml of
five fold diluted homogenate and performed at 2S"C. v repre-
sents urnoles of 3-PGA forrned per min. O , !2-PGA] = 33 mMr
 e, [2-PGA] = l6.S rntvl.
shows that the enzyme is saturated with 2-PGA at the concentra-•,
tion of 2-PGA used in thischapter. Intersection at these con-
                            'centrations of 2-PGA was observed for enzyTnes of all the extracts
tested. However, diiution of homogenates from tissues or di-
alysis of hernolysates was reguired to give linear plots, since
the eontribution of 2,3-DpG in these extracts had to be elimi-
nated. To avoid these pretreatments of extraets in estimating
the activity of the enzyrne and the concentration of 2,3-DPG, the
18
device of simultaneous determination of these values from a sin-
gle set of experiments was performed. The purified prepara-
tion of DL-2-PGA contained a small amount of 2,3-DPG. When
the activity is Tneasured in the presence of added 2t3-DPG, which
is represented by Ca, the initial velocity(v} at a constant con-
centration of 2-PGA i$ described by Equation l.
       Vmax[C]total Vrnax([Co] + [CX] + [Ca])
   V= [C]total+ Kc' = Co] + cx] + [ca] + Kc' Eq' 1
Herer C represents 2,3-DPG. Co represents 2,3-DPG from the
DL-2--PGA preparation and Cx is that from the extract. Kc' is
the apparent Michaelis constant of 2,3-DPG (Kc' is a constant
terrn, Kc(1 + [S]/Ksi) in which Ksi is the inhibition constant
of 2-PGA [57]) and V is rnaximal velocity. Two rnechanisrns
                    max
for the PGA mutase reaction pathway have been proposed {57,58].
Kinetic analysis of the mechanisms has demonstrated that the
relationship between the initial velocity and the 2,3-DPG con-
centration obeys Equation 1 in both mechanisms under conditions
at which the substrate(2-PGA) binding site of the enzyrne is
saturated with the substrate. For this reason Equatien 1 can
be used for computing data, even though the rnechanisms of PGA
mutases from various sources are not established• Equation 2
is derÅ}ved frorn Equation ! by introducing vo, which is the ini-
tial ve!ocity observed when 2,3-DPG is not added (ICa] = e).
   vlv =SCO] Ii {CXKc] + KC')([CO] + ICcXal + KC' + 1) Eq. 2
        O •max
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Fig. 5. Theoretical plots.
     A is plotted according to Eq. 1. B is the plot according
to Eg. 2.
The plot of llv versus 11[Ca] is not linear CFig. 5A), whi!e the
plot of 11(v - vo) versus 11[Ca] (Fig. 5B) is linear at all con-
centrations of 2,3-DPG added. As shown in Fig. 5A, a linear
plot is obtained at high concentrations of 2,3-DPG ([Ca] ÅrÅr[Co] +
[Cxl) and extrapolation of the linear part gives nhe values of
Vmax and Kc'• Vsing these values, the value of ([Co] + [cx])
can be calculated from the intercept on the 1/ICal axis of Fig. 5B.
The amount of 2,3-DPG in DL-2-PGA,[Co], has been determined.
                 ,Thus, the concentratien of 2,3-DPG,[Cx], and the activity of PGA
mutase,Vrnax, in the extracts are estimated simultaneously.
AL!E]2EtLiLgg!E!gg-!gny91!g2!!!l!gg!EE;eatlotothEtact
     As'shown in Figs. 6 and 7, the pattern of lines obtained by
plotting the results for the hornogenates and hemolysates coin-
cided well with the theoretical lines in Eig. 5. The values
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Fig. 6. Concentration of 2,3-DPG and activity of PGA mutases
from rat liver and kidney.
     The reaction was started by adding O.2 mi of homogenates
gEeggred.fE•2m.igt.ay•sE• ,eng,g:;.:,id".e,gfi :eg-Bss. e:r.fgs::g a.g
i'1,:'lip$iiagi':",l'ie?i.'li.iel)•agE.Igd,glg,,l:a,i.iZ",EC,ii'g.1•l'l•:.ir'..'fieii'e!sXgm:Eies
calculated from these lines are summarized in Table 3. The
concentratSons of 2,3-DPG deterrnined frorn its coenzymatic activ-
ity (Chapter !) agreedi well with these obtained by the method in
this chapter. In the case of the homogenates from tissues,
the high content of inorganic phosphate as compared with 2,3-DPG
interfered with our application of the method of Rose et aZ. [40].
It was reported that the arnount of 2,3-DPG in rat liver and kid-
ney was less than O.5 umole per g of the tissue [42]. The con-








         11[ca] x lo-4 (M-l) z/[cal x lob4 (M'X)
Fig. 7. Concentration of 2.3-DPG and activity of PGA mutases
from
     human and rat erythrocytes.
     The homogenate from human erythrocytes (normal subject) pre-
pared as described in the text was diiuted five-fold with 20 rnM
Tris buffer(pH 7.5} containing O.1 mbS D[VT and 1 mM EDTA. The
reaction was started by adding O.2 ml of the diluted hemolysates
Cl8d,Wlg,Pfi.ri:l[I,P8g,gl 8':CAum.x :g;:.\s..ar,.e.as defined in Fig• 6•
the values reported frorn many laboratories. The PGA rnutase
activity oi rat erythrocytes is rnuch loWer than that of huruan
erythrocytes. Recent studies on glycolysis in rat reticulo-
cytes suggest that PGA mutase is a rate-limiting step because of
its comparatively low concentration [59].
     The results obtained by the application of this rnethod to
human blood are described in Table 4. Patients with anemia
and congestive heart failure are characterized by a marked in-
crease in the P("l mutase activity per ml of packed red cells.
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Table 3.                                        aPGA rnutase and Concentration of 2,3-DPG
                 cConcn. oE 2,3-DPG
Extract vmaÅ~
b Kc' {u M) by the by t by the M
methed in coenzymic Tmethed of




























a The values in this table were calculated froin the plots in
  Figs. 6 and 7.
b Units per g of tissue or ml of packed red cells. One unit is
  defined as that arnount of enzyrne which produces l urnole of 3--
  PGA per min at the temperature indicated in Figs. 6 and 7.
c umoles per g of tissue or ml of packed red cells.
t se' e Chapter 1. 't see reference [40].
This increase was observed not only in the maXiMal aCtiVitYÅqVTnax}r
but also in the activity(vo), whieh was determined in the absence
of added 2,3-DPG. It is noteworthy that the enzyme activity in
whole blood of patient No. IO was normalized, when she had rnark-
ediy recovered clinically. This is not only due to the increase
of heraatocrit value but also to the increase in the enzyme activ-
ity of packed red cells. Although the red cells of patients
No. Il and No. 12 show high enzyme activity, the values of hemato-
crit are too low to rnaintain the activity of whole blood in the
nOrmal range. The activity per ml of whole blood in the pa-
tients with'' anenta was in the norrnal range or lower than the con-
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trol value. while that in the patients with congestive heart fail-
ure was higher than the control value.
     Hypoxia in tissues is expected to be common in patients
with both diseases. The significance of the increase in the
PGA rnutase activity is not yet clear,but it might be related to
the increase in the physiological activity of red eell by stirnu-
lating glycolysis. It is conceivable that this serves to com-
pensate for the decrease in the nuiubers of red cell of whole
blood in anernia and the impaired circuZation of the blood in
congestive heart failure. However, analyses of glycolytic
intermediates in huinan erythrocytes by Hamasaki et aZ. [60] have
shown that PGA mutase is not involved in rate-limiting steps in
glycolysis. This makes it of importance to examine whether an
increase in enzyme activity occurs specifically for PGA mutase
or not. Experiments to survey enzymes which may be increased
in erythrocytes with these diseases are in progress.
     It will be described in Chapter 3 that human red celis have
three PGA mutases(peaks I, II and I:Z) which are distinguishable
by chrornatography. All of these fractions also have DPG mu-
tase(EC 2.7.S.4) and DPG ase(EC 3.1.3.13) activities. Peaks 1
and IZ have high PGA mutase activity as cornpared with the other
two enzyme activities. Peak IIr is rich in DPG mutase and DPG
ase activities. Determination of the fraction responsible for
the inerease of PGA mutase activity observed in patient$ remains
to be done.
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CHAPTER 3 PuRIFIcATIoN oF DIpHospHoGLycERATE 1"luTAsE, 2,3-DI-
PHOSPHOGLYCERATE PHOSPHATASE AND 'PHOSPHOGLYCERATE
MuTAsE FRoM HUMAN ERYTHRocYTES
THREE ENZYME ACTIVITIES IN ONE PROTEIN
    [Vwo enzyMes, diphosphoglycerate Tnutase{DPG rnutase;EC 2.7.
5.4) and 2,3-diphosphog!ycerate phosphatase(DPG ase:EC 3.l.3.
13), which are responsible for the 2,3-DPG rnetabolisrn in human
red cells, have been purified and their enzymic properties have
been investigated [l4, 35-39]. The DPG rnutase preparatzon
purified by Rese [38], whieh showed a single protein band on
electrophoresis in a polyacry!andde gel containing sodium dede-
cyl sulfate, had not only PGA mutase activity but also DPG ase
activity in the presence of 2-phosphoglycolate which was a po-
tent activator of the DPG ase [361. Rosa ct aZ. have shown
with hemolysates from huinan and several anirnal species that DPG-
mutase and DPG ase are not separable electrophoreticaliy on a
starch gel [61]. They also found a human subject who had a
partial and equal deficiency of both DPG mutase and DPG ase ac--
tivities in his erythrocytes [61]. Although data suggesting a
resemblance in the enzymic and physical properties of DPG mutase,
DPG ase and PGA mutase have been accumulated [36f38], it is not
yet known whether or not the three activities are really exhib'
ited by a eommon enzyrne protein.
     The present work was undertaken in order to purify the
three enzyrnes from the red cells and to investigate a rnoleeular
relationship(s) among them.
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MATERIAL,S IUgD METHODS
gtt!gl!!gglEmgu!Llilgu!g!ggh iandEnzmes
     2,3--DPG, 3-PGA, DL-glyceraldehyde 3-phosphate, enolase,
rabbit muscle PGA mutase and glyceraldehyde-3-phosphate dehy-
drogenase were obtained frorn Boehringer Mannheim GmbH (Mannheirn,
Germany). NAD+ was from Sigrna. Hydroxylapatite was frorn
Clarkson Chernical Co. Phosphoce]lulose was frorn Serva.
Bovine serum albumin, ct-chymotrypsinogen and cytochrome e were
obtained from the Mann Research Lab. and B-lactoglobulin was
frorn Miles Lab. DL-2-PGA was synthesized and purified by the
methods described in Chapter l. I,3--DPG was synthesized ac-
cording to the method of Rose [14]. Yeast PGA mutase was puri-
fied and crystallized as described previously [46,62].
EL!I!l!)I!!!Sl"{AEfi.9ZE
     The activity in all instances was measured under conditions
in which the initial velocities were deterrnined.
     '
     uD!ty-I!!!uREgs-"E!Az-!,PGrnutase Ass r. Thismethodwasusedthroughout
the purification. The reaction rnixture contained, in a total
volume of 1.0 Tnl: 2.5 mba DL-glyceraldehyde 3-phosphate, 40 mM
potassium phesphate buffer pH 7.8, 1 mM NAD+ , l rnl!t 3-PGA, O.1
mbl DTT, 2 units of glyceraldehyde-3-phosphate dehydrogenase
and the enzyrne. After glyceraldehyde-3-phosphate dehydrogen-
a$e was added, the rnixtureÅqO.9 ml) was incubated for 3-4 rnin
to attain equiiibriurn. The 2,3-DPG synthesis was started by
the addition of O.1 ml of DPG rnutase and was carried out a't
37eC. The reaetion was terrninated by the addition of O.25 ml
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of 25% TCA. After centrifugation, the supernatant(l.O mll
was neutralized by the addition of 0.17 ml of 1.8 M Tris. The
amount of the synthesized 2/3~DPG in the neutralized supernatant
was determined by using its coenzymic activity in the PGA mutase
reaction as described in Chapter 1.
DPG mutase, Assay II. Isolated 1,3-DPG was used as the
substrate. The reaction mixture contained, in a total volume
of 1.0 ml: 0.15 roM 1,3-DPG, 0.1 roM 3-PGA, 0.1 roM DTT, 40 roM Tris-
HCl buffer pH 7.5 and the enzyme. The reaction was started
by the addition of purified DPG mutase and was carried out at
37 °C. After the reaction mixture was treated as in Assay I,
the amount of 2,3-DPG synthesized was determined.
DPG ase, Assay I. DPG ase activity was determined by
measuring the pi liberated. The reaction mixture contained,
in a total volume of 2.0 ml: 0.25 roM 2,3-DPG, 0.05 roM 2-phospho-
glycolate, 0.1 roM DTT, 10 roM Tris-HCl buffer pH 7.5 and the en-
zyme. The reaction was started by the addition of DPG ase and
was carried out at'37 °C. The reaction was terminated by the
addition of 0.5 ml of 25% TCA. After centrifugation, the super-
natant(2 ml) was used for determination of Pi according to the
method of Bartlett [63]. With purified fractions the TCA pre-
cipitation was omitted. Assay I was used in all experiments
except for the purification step with hydroxylapatite.
DPG ase, Assay II. In the purification of the enzyme
with hydroxylapatite, an enolase-coupled method was utilized to
measure the DPG ase. The reaction mixture contained, in a
total volume of 2.5 ml: 0.5 roM 2,3-DPG, 10 roM MgC1 2 , 0.2 ~l 2-
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phosphoglycolate, 40 mM Tris-HCl buffer pH 7.5, 2 ug yeast PGA
mutase (component V) [62], 0.1 unit of enolase and the enzyme.
The phosphatase activity was measured at 25°C by following the
production of phosphoenolpyruvate (the increase in absorbance
at 240 nm) with a Hitachi double-beam spectrophotometer, model
124, equipped with a recorder. Yeast PGA mutase was added to
convert 3-PGA, a product of the phosphatase reaction, to 2-PGA
which was led to phosphoenolpyruvate by enolase. Although
yeast PGA mutase has DPG ase activity which is activated with
2-phosphoglycolate [49], the activity is a negligible quantity
as compared with that of the sample used.
PGA muta'se. PGA mutase activity was measured polarimet-
rically (see Chapter 1 and [46]). The assay mixture contained,
in a total volume of 2.0 ml: 6.6 roM DL-2-PGA, 0.1 roM 2,3-DPG,
0.1 roM DTT, 20 roM Tris-HCl buffer pH 7.5 and the enzyme. The
reaction was started by the addition of PGA mutase and was car-
ried out at 37°C. The reaction was terminated by the addition
of 0.47 ml of 25% TCA. After centrifugation, the supernatant
(2.0 ml) was neutralized by the addition of 0.14 ml of 4.5 N
NaOH. To this neutralized solution, 2.14 ml of 20% ammonium
molybdate solution was added. Then the optical rotation at
411.3 nm was measured to determine the amount of 3-PGA produced,
using a Union Giken High-Sensitivity Polarimeter P~~70(Filter 3).
With the purified fractions TCA precipitation was omitted.
In all instances, one unit of enzyme activity is defined
as the amount of enzyme which catalyzes the conversion of 1 ~mole




Specific activity is expressed as units per mg
Isoelectric Focusing
All procedures were carried out at 5°C. The column, 2.5
x 25 cm, contained a 0.7% ampholine solution with a pH range of
3 to 6, in a sucrose gradient(0-47%}. DTT was added to the
ampholine solution to give the concentration of 0.1 roM. The
anode was the lower electrode. The pH gradient was allowed
to form for 34 h in order to shorten the time during which the
enzyme would be on the column. The enzyme solution was dia-
lysed against 10 roM Tris-HCl buffer pH 7.5 containing 0.1 roM
EDTA and 0.1 mM DTT (buffer A). The dialysed solution was
adjusted to contain 10% sucrose and was applied to a quarter of
the distance from the top of the column with a pipette extended
with a piece of teflone tubing. Electrofocusing was carried
out for 9 h (500 V, 1-2 mA).
Polyacrylamide Gel Electrophoresis
Polyacrylamide gel electrophoresis was carried out according
to the procedure of Davies [64). Prior to electrophoresis,
the enzyme was dialysed against buffer A. The dialysed solu-
tion was adjusted to contain 25% glycerol and B% 2-mercaptoetha-
nol, then 10 ~l of the sample was layered on a gel. A current
of 2 rnA per gei was applied for 1.5 h at 5°C. After the gel
was stained in 1% amide black lOB in 7% acetic acid for 30 min,
it was washed with 7% acetic acid to destain.
Electrophoresis in a polyacrylamide gel containing sodium
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dodecyl 'sulfate was carried out according to the procedure of
Weber and Osborn 165]. The enzyme was incubated at 65°C for
30 min in the presence of 1% sodium dodecyl sulfate, 1% 2-mercap-
toethanol and 25% glycerol. After the sample was layered on
a gel, a current of 6 rnA per gel was applied for 4 h. The
procedure for staining and destaining was as described above.
Ultracentrifugation
Ultracentrifugation was carried out in a Beckman model E
analytical ultracentrifuge at 20°C. Sedimentation velocity
experiments were performed with a double-sector cell. The
sedimentation equilibrium experiments were performed according
to the meniscus depletion method of Yphantis [66].
Protein Concentration
Protein was determined by measuring the absorbance at 280
nm. Its concentration was calculated from the absorbance at
1%280 nm based on the value A280 nm = 10.
RESULTS
Purification of Enzymes
All steps were carried out at 0-4°C. Fig. 8 is a flow
diagram for the purification procedure. The results are summa-
rized in Table 5.
Hemolysate. To remove the serum, 3,400 ml of the whole
blood obtained from a blood bank was centrifuged at 4,500 x g
,',s
for 5 min.. The red cells were washed three times with an equal
32
    Hemolysate
       L Diaiysis
Dialysed solution
       r
          DEAE-cellulose (Buchner)
          O.03•-O.15 M KCI
    EIuate
       t
          (NH4)2S04 fractionation
          30-60% satd
  Precipitate
       r
          DEAE-Sephadex (column)
          gradient O-O.3 M KCI
   Fractions
       F sephadex G-ioo




      Flow-through fractions
                  Hydroxylapatite (column)
                  40 mM KPi pH 6
                  80 mM KPi pH 6 8
      Peak ll Peak lll Peakl
Eig. 8. Scherne for the purification of DPG mutase, DPG ase and
PGA mutase from hurnan red cells.
                '
volume of O.91 NaCl solution containing O.1 mM EDTA. The buffy
coat was removed with suction. The packed ceils(it450 ml)
Were hemolysed by adding an equal volume of 10 mM Tris-HCI buffer
pH 7.5 contaiiring O.2 mM EDTA ana O.2 mM DTT followed by freezing
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Table 5." Summaryof Enzyme Purification
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 thawing. The hemolysates
 buffer pH 7.S containing O.
for 24 h.
 Bulk Se aration
 were dialysed
1 rnbfi EDTA and O
on DEAE-Cellulose.
tion, 140 g of DEAE-cellulose previeusly
er B was added and the mixture was stirred
lose with absorbed enzyrnes was fi!tered
washed with 3,OOO ml of buffer B containzng
the enzyrne was eluted by washing the ceilulose
buffer B containing O.15 M KCI. The





    To the dialysed solu-
  equilibrated with buff-
    for 3 h. The cellu-
                           -
 on a Buchner funnel and
 ' O.03 M KCI. Then,
       wSth 2,900 ml of






































































    Arnmonium Sulfate Fractionation. The precipitate was col-'
lected by eentrifugation at 6t900 x g for 20 min and was dis-
solved in 930 ml of buffer B. From the difference between the
final volumeÅql,OOO rn1) of the solution and the amount of the
buffer used, an estimate was made of the quantity of arninoniurn
sulfate in the precipitate. To this solution, 190 g of solid
aMmonium sulfate was added to bring the salt concentration to
30" saturation. . The precipitate was removed by centrifugationt
and the supernatant was brought te 601 saturation by the addition
Of 228 g of solid aTtunoniurn sulfate.
     2D!!Y!:S2gR!Lgs!g!s.sE!liEglgaligg!!gEI!zEAEShd Ch t h. Thecollectedprecipitate
            '
             LWaS dissolved in and dialysed against buffer B for 24 h. The
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Fig. 9. Elution profile from DEAE-Sephadex.
     Åq H ) Ab so rban ce at 280 nm: ( M ) DPG mutase; ( A-A )
DPG ase; (O-C}} PGA mutase; (-•--) KCI concentration. Activ-
ities are expressed as unitslml. 4.35 g of the protein puri-
fied by arnmonium sulfate fractionation was applied. Fractions
were 20 ml. The flow rate was 2.8 ml/min. The horizontal line
indicates the fractions pooled after eZution.
dÅ}alysed solution was added to a colurnn {4.5 x 32 cm) containing
DEAE-Sephadex A-SO previously equilibrated with buffer B. The
colurnn was developed with a 4,OOO-ml linear gradient of KCI rang-
ing from O to O.7 M in buffer B. Fig. 9 represents a typical
elution profile showing protein concentration and DPG mutase,
DPG ase and PGA rnutase activities. The peak for DPG mutase
                      'corresponded exactly to that for DPG ase, while the peak for
PGA mutase emerged at a slightly rnore diiute concentration of
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Fig. 10. Elution prefile from Sephadex G-100.
     (H) jthsorbance at 280 nm; (M) DPG mutase; ÅqAr-AÅr
DPG ase; ( oo ) PGA mutase. Enzyrne activities are expressed
as units/ml. 480 mg of the protein purified by DEAE-Sephadex
was applied. Fractions were 5 ml. The flow rate was 12 rn1/h.
The horizontal line indicates the fractions pooled after elution.
pooled amd the protein in the pooled solution was precipitated
by the addition of solid aTnmonium sulfate•
     Se hadex G-!OO Chromato ra h . The protein was colleeted
by centrifugation and dissolved in and dialysed against buffer A
for 1 h to compiete solubi!ization of the protein. The dia-
lysed solution was centrifuged at 12tOOO x g for 5 min to remove
insoluble materiaZs. The clear supernatant was added to a col-
Urnn (2.5 x 110 crn) containing Sephadex G-100 previously equili-
brated with buffer A, and the column was developed with the same
buffer. As shown in Fig. 10, the three enzyme activitles ap-
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Fig. 11. Elution profiid from phosphocellulose.
     (N) AbsorbEmce at 280 nm; (M) DPG mutase; {Ar--iA)
DPG ase; ÅqO-O} PGA mutase. Enzyme aetÅ}vities are expressed
as units/ml. 70 mg of the protein purified by Sephadex G-100
was applied. 'Fractions were 8 ml. The flow rate was 20 ml/h.
At the point indicated by the arrow, the buffer containing 66 pM
DL-2-PGA was u$ed as the elution buffer. The horizontal line
indicates the fractions pooled after elution. Fractions eluted
with DL-2-PGA were designated as peak T.
peared in the fiame elution volume.
pooled and the protein in the pooled
with a!umonium suifate.
     Phos hocellulose Chromato ra h .
The active fractions were
solution was precipitated
leeted by centrifugation and dissolved
m)e imidazole buffer pH 6.5 containing O
        .
 The protein was col-
in and dialysed against 5
.1 rnbfi EDTA and O.1 m)C DTT.
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t
The bufler was added to the dialysed solution to give a final
vo]urne of 20 mlt then the whoie was added to a colurnn (1.6 x 12
crn) containing phosphocellulose previously equilibrated with the
same buffer. The column was developed with the bufier contain-
ing 66 u)( DL-2-PGA, a substrate of PGA mutase. Fig. Ii shows
an elutSon profile for protein and the three enzyme activities.
The bulk of DPG rnutase and DPG ase activities was not absorbed
by the phosphocellulose colurnn and appeared in the flow-through
fractions. These fractions contained about 45g of the total
PGA mutase activity finally recovered. The PGA mutase activzty
absorbed on phosphocellulose was eiuted wÅ}th DL-2-PGA. Frac-
tions containing the enzyme activity were pooled and the result-
ing solution was designated as peak I. Detectable amounts
of DPG mutase and DPG ase activities were present in peak 1, al•-
though these activities were very small in comparison with those
in the flow-through fractions. Peak I could be elute,d with a
linear gradient of KCI'  instead of DL--2--PGA. Specific activity
of peak I eluted with KCI, howeverr was about one-tenth of that
of peak r eiuted with DL-2--PGA. When the flow-through material
was rechromatographed under the conditions as Å}n Fig. 11, three
activities were comp!etely recovered in the flow-through fractions.
When peak I was rechrornatographed in the absence of DL-2-PGA,
no detectable PGA mutase activity appeared in the flow-through
 fractions. The PGA mutase absorbed on the colum could be elut-
 ed again with the buffer containing DL-2-PGA. In addition,
 the eluted fractions contained DPG mutase and DPG ase activities.







































Fig. I2. Elution profile frorn hydroxylapatite.
     {H} Absorbance at 280 rm; (Z)t--A) DPG mutase; {Ar--A)
DPG ase; {oo ) PGA rnutase. Enzyme activities are expressed as
unitslrn1. DPG ase was assayed with Assay rl. With rnultipli-
catSon of the observed activity (vmole phosphoenolpytuvate pro-
duced per min) by the factor 22.8, the activity was converted
to the activity of Assay I. 43 rng of the protein from tbe phoSp
phocellulose flow-through fractions wa$ appiied. Fractions
were 6 mi. The flow rate was 30 mllh. The concentration of
potassium phosphate buffer was elevated at the points indicated
by the arrows. The horizontal line indicates the fractions
pooled after elution. Active fractions eluted with 40 mh po'
tassium phosphate buffer were designated as peak II and the ac-
tive fractions eluted with 80 mh potassium phosphate bufier were
designated as peak !IZ.
neaxly the sar"e as peak I had originally. rt is evident
from these results that peak I is not an artificial product
40
?in the phosphocellulose step and that the PGA mutase protein in
peak I intrinsically contains the other two activities.
     H drox la atite Chromato ra h of the Flow-Throu h Material.
The proteÅ}n in the flow-through fractions was precipitated by
solSd arnmonium sulfate and collected by centrifugation. The
precipitate was dissolved in and diaiysed against IO mlvr potassi-
um phosphate buffer pH 6.8 containing O.1 rnM EDTA, O.5 rnb4 DTT
and 20t glyceroZ. The dialysed solution was added to a column
(1.5 x 11 crn) containing hydroxylapatite previously equilibrated
with the bufter. The colurnn was washed with the same buffer,
followed by stepwise elutions with 40 rnD( and 80 rnrvl potassium phos-
phate. The elution profile of the protein and the three enzyme
activities is shewn in Fig. 12. Peak II, eluted with 40 rnba po-
tassiurn phosphate, contained 60" of the total PGA rnutase activity
finally recovered, while 40g of the activity appeared in peak III
eluted with 80 mb potassium phosphate. Although the main DPG
mutase and DPG ase activities (93-95g of the activity) appeared
in peak II!, these two activities were detectable also in peak II.
!tEgglgg!u:a,gmEg!yE:!!g-gE-.!lggls-IL]L]!1tF fPkll!
     Peak III was subjected to isoelectric focusing for further
purificationr because this peak contained the main DPG mutase and
DPG ase activities which probably function in the 2t3-'DPG metabo--
lism of red cells. As shown in Fig. I3, three enzyme activi--
ties were found in fractions of pH S.O to S.2. These active
fractions were pooled and the poo!ed solution was passed through
Sephadex G-50,colum, equilibrated with the buffer At to remove
              'arnpholine and sucrose. Thb recovery of the three activities
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Fig. i3. Isoelectric focusing pattern of peak Irl.
     (H} Absorbance at 280 nrn; (M) DPG mutase; (ar--A)
DPG ase; (oo) PGA mutase; CÅ~) pH of the fractions at 250C.
Enzyrne activities are expressed as unitslml. 11.5 mg of the
protein of peak Irl purified by hydroxylapatite was applied.
Fractions were 1.5 mi.
WaS 60g and A2so : A26o of the finai preparation was l.81.
Little difference between the final preparation and peak II! was
found in the ratios of the three enzyrne activities and in the
specific activities. In fractions around pH 6.0, 3t of the
total PGA rnutase aÅëtivity was found. This activity is probably
due to the contarnination oi peak rl and it eorresponds to the
P(M mutase de$cribed by the other investigators [37,39]. The
DPG rnutase and DPG ase activities in the$e fractions were not
rneasured because of lack of enough sample.
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Fig. 14. Sedimentation pattern
of the purified enzyrne.
   The enzyrne obtained by the
isoelectric focusing of peak
III was used. The protein was
3.15 mg/ml in buffer A contain-
ing O.1 M KCI. Migration is
from left to right. This pho-
tograph was taken 50 rnin after
reaching a speed of 60,OOO rpm.
The schlieren plate angie was
5so.
9tgL!ig!!i!A-g!;-!l}uzlSzriteriaofPurit
Fig. 15. Electrophoretic pat --
tern of the purified enzyme in
polyacrylamide gel.
   The enzyme obtained by the
isoeiectric iocusing of peak
U! was used. The protein
applied was 13 vg. Migration
is frorn top to bottom.
     The enzyme preparation obtained by the isoelectric focusing
of peak II! was analysed for purity using an ultracentrifuge and
polyacrylarnide gel electrophoresis. Fig. 14 shows a typical
sedimentation pattern which gives a singie and symmetrical bound-
ary with a s2o,w value of 4.1 S.
     The enzyrne preparation gave a sharp single band on poly-
acrylarnide gel electrophoresis (Fig. 15). It was also homoge-
neous on electrophoresis in a polyacrylarnide gel containing sodi-
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Fig. 16. Analytical graph of the sedimentation equilibrium
pattern.
     Thg enzyme obtained by the isoelectric focusing of peak III
            The protein was 300 vg/ml in buffer A containing O.1was usea.
M Kgl. The logarithm of the fringe displace:nent is pXotted
:gflarni:s;Ig//2;g:g),l/Lig.2.fg///h:,ggRli#g2gsi;.j:,ei,..2:t.gw.;E:•.gb,tg"g:g,,
!bo!gteg!LILA!m!!gl,sl"i-g!}sl..Egl2}u!2i!iiecuiarWeiht dSb
     The rnolecular weight of peaks I, !Z and IXI was deterrnined
by gel filtration on Sephadex G-100 under the sarne conditions as
in Fig. 10. A standard curve to estimate the molecular weight
of samples was prepared usSng proteins of known molecular weights:
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     The rnolecular weight of
by the isoelectric focusing
        O O;1 O.2 O.3 O.4 O.5 O.6 O.7 O.8 O.9 1.0
                     Relative Tnobility
          pattern of the purified enzyme in
  electrophoresis containing sodium dodecyl
  {top to bottom) contain bovine serum albumin
     ,OOO), ct-chymotrypsinogen(25tOOO) and
   . (B) Enzyrne obtained by the isoelectric
ZII (5 pg). (C) Standard curve drawn frorn
 standard proteins. Migration is from top to
        proteins; ( O ) sarnple protein.
    serum albuminÅq67,OOO); yeast PGA mutase(
three activities of each peak were found in the
   which corresponded to a rnolecular weight
 the homogeneous





 sedirnentation equilibrium rnethod. As shown in Fig. 16, a
 plot of the logarithm of fringe displacement versus the square
 of the radius gave an exceZlent straight iinet which indicates
      -protein homogeneity. The molecular weight was calculated as
 63,OOO by averaging the vaiues obtained at three different pro-
 tein concentrations(ZOO, 300 and 450 vglml). This value is
 .
 in agreernent with that from gel filtration. The enzyme, pu•-
 rified by isoelectric focusing, was subjected to electrophore-
 sis in a polyacryianide gel contaÅ}ning sodium dodecyl sulfate
 (Fig. 17). A standard curve drawn from the electrophoretic
 mobilities of proteins{Fig. 17A) having known molecular weights
 is shown in Fig. 17C. The enzyme band cerresponds to a molec-
 ular weight of 29,OOO(Fig. 17B). It appears that this enzyme
 is a dimer.
Therrnal rnactivation of Peak Irl
     As shown in Fig. 18, three activities of peak III were
completely stal)le on heating the enzyme at 450C for 15 rnin.
When the enzyrne was heated at 570C, three activities were lost
at
 the sarne rate, which indicates that they are exhibited by
the same enzyrne protein.
Enz mic Pro erties of Peak UI
     Several compounds have been found to have effects on DPG
mutase
 and DPG ase [14,36r38,67]. Effeets of these compounds
were
 tested on the two activities of peak III (Table 6).
Pea]c
 lrr had a DPG ase activity of O.O08 unit per mg of protein
.in the absence of an activator.
                                  This activity was activated
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Fig. I8. Thermal inactivation curves of the three activities
of peak rll.
     (`Ct-:A) DPG mutase; (Ar--A) DPG ase; C CH)) PGA mutase.
The protein eoncentration of peak Irl was l25 pglrn1 in buffer
A• The sample solution(l ml) was heated at the indicated tern-
peratures and aliquots were rernoved at intervals to assay the
three enzymes. DPG mutase was assayed with Assay I.
strongly by bisulfite in the pre$ence of KCI or by 2-phospho--
glyeolate, while it was inhibited by 3-PGA. The DPG rnutase
activity was inhibited by 2,3-DPG, potassium phosphate, bisul--
fite or 2-phosphoglycolate. These effects are in agreement
With the results reported previously [14,36,3B,67], although
they can not .be compared quantitatively with previou$ data be-
eause of the aifferent assaY conditions.
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Table 6. Effects of Compounds on the DPG ase and DPG rnutase
of Peak IU.
     DPG ase was assayed with Assay I using 1.l-160 vg of the
enzyrne(peak III) and DPG rnutase was assayed with Assay :r us-
ingO.5pg of the enzyTne(peak rll). The control activity of
DPG ase was O.O08 pmole Pi produced per nin per Tng protein and
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properties of the PGA mutase
As shown in
peak IU was quite
actlv--
Fig. 19A, the PGA
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Fig. 19• Thermal inactivation curves of the PGA mutase of
peaks I, II and IIr.
     (H) Peak I; (H) peak II; (M) peak III. Theprotein concentration was 3 pglml in peak I, 40 uglrn1 in peak I:
and l25 uglml in peak III in buffer A. Sarnple solutions (l ml
each) were heated at 450C and aliquots were removed at intervals
to assay the PGA rnutase. The results in (A) were replotted in
CB) in order to estj.mate the first-order rate constants for the
thermal inactivation.
aCtivity of peaks I and II was lost very rapidly, The activi-
tY Of peak rlr however, seems to be rnore stable than that of
Peak I. The first-order rate constant for the therrnal inactiva-
                                                   . -1
                                                       fertiOn process was calculated as O, O.069 and O.126 min
Peaks III, I! and I, respectively{Fig. 19B). The lack of the
              'enOUgh protein ' in peaks I and- Il and the marked dÅ}fference in
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Fig. 20. Thermal inactivation curves of the preparation ob-
tained by mixing the peaks.
( & , • , • ) Experimental results; (-----) theoretical
curves. ( & ) Peaks I and II were mixed to give an enzyme
solution in which 42% of the total activity was from peak I
and 58% was from peak II. The protein concentration of this
enzyme solution was 43 ~g/ml(3 ~g from peak I and 40 ~g from
peak II). (.) Peaks I and III were mixed to give an enzyme
solution in which 46% of the total activity was from peak I
and 54% was from peak III. The protein concentration of the
enzyme solution was 128 ~g/ml(3 ~g from peak I and 125 ~g from
peak III). (. ) Peaks II and III were mixed to give an en-
zyme solution in which 54% of the total activity was from peak
II and 46% was from peak III. The protein concentration of
the enzyme solution was 165 ~g/ml(40 ~g from peak II and 125
~g from peak III). The proteins were dissolved in buffer A.
Enzyme solutions (1 ml each) were heated at 45°c and aliguots
were removed at intervals to assay the PGA mutase. Theoreti-
cal curves were drawn as described in the text.
different protein concentration in each experiment. To exclude
the effect due to the dependency of thermal stability on pra-
50
 tem concentrationr peaks I and II, I and III, or II and !II
were mixed in a known ratio, approximately i : 1 in activity.
 Their theoretical inactivation curves are drawn with a dotted
 !ine in Fig.20. [Phese curves were calculated by using the
first-order rate constants in Fig. I9B based on the assumption
that the PGA mutase activity of each peak in the mixed solution
was lost at the sarne rate as when each peak alone was heated.
The experimental results fÅ}tted the theoretical curves as in
Fig. 20. This indicates that the protein of each peak has no
efiect on the thermal stability of the PGA mutase activity in
the other peaks and that the activity of peak III is essential-
ly more stable against therrnai inactivation than is activity of
peak r or IX.
     A arent Kin Eor 2,3-DPG. Rose has reported that the PGA
rnutase activity in the purified DPG mutase preparation is en-
hanced by the addition of a high level of 2,3-DPG, within which
range the main PGA mutase in red cells is not affected {38]. Te
exarnine this with our preparations, kinetic studies on PGA mu-
tasesof three peaks were carried out. As shown in Fig. 21, the
PGA mutase activities of the three peaks suffered substrate in-
hibition, whidh was cempetitive with respect to 2,3-DPG. This
tYpe oi inhibition has been observed with PGA mutases from other
SOUrces [57,68,69]CChapter 2). As suTnrnarized in Table 7r no
 - --Sign-ficant difference in the apparent Km values was observed
between peaks I and r!, while the vaiues obtained for peak rll
were about 3-f6id larger thari those of peaks I and II. This
                                                    '
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   (A) Peak I (O.5 ug); (B) peak lr (6.5 vg); (C)
 Ug). The concentration of DL-2-PGA was 4.9S mM
.2 TnM (OK)}. Assay conditions are described in
.xs expressed as the number of vmole 3-PGA produced





Table 7.• Apparent Km Values tor the 2,3-DPG of the PGA mutase
in Peaks I, II and III.
     Apparent Km values for 2,3'DPG were calculated from inter-
cepts on the abscissa in Fig. 21 at two concentrations of DL-2-
PGA.
Enzyme used Apparent Km at DL-2-PGA concn:











indicates that the PGA mutase of peak IIr has a larger Krn value
for 2,3-DPG or a smaller Ki value for 2-PGA than do peaks r and
I!, because the apparent Krn value is expressed as Krn(1 + [I]IKÅ}}
[57,68].
DiSCUSSION
     Until now, the purification of DPG mutase I14,38] and DPG
ase [35-37] frem human red cells have been independently atternpt'
ed with little consideration for the possibility that the two
activities are due to a common protein. Much attention has
been paid to whether DPG ase is separable from PGA mutase or not
l35-37]r because the PGArnutases from various sourees have DPG ase
activity [49,62,70-75]. rt has been revealed that there is
DPG ase in human red celZs which is separable from the phospha-
tase activityf probably due to the PGA rnutase protein [35-37t76].
S4
The purified DPG ase preparations, however, were not free from
PGA mutase activity.
This chapter has described the simultaneous purification of
DPG nlutase, DPG a:=:e and PGA rnutase from human red cells. The
most notable of these results is tbat the main DPG r,'utase and
DPG ase activities (peak III) aT'2 displayed by the same er.zyme
protein.
:-.ivity.
In addition, the enzyme molecule had PGA mutase ac-
Our conclusion is based on the following observations.
(a) The DPG mutase/DFG ase activity ratio was nearly constant
throughout the purification steps (see Table 5). (b) Both ac-
tivities on chromatography and isoelectric focusing behaved as
if they were due to the same protein. (c) The final prepara-
tion displayed a single Dand on poJyacry'.arnide gel electropho-
resis in the presence and absence of sodium dodecyl sulfate and
was homogeneous on ultracentrifuqal ?nalysis. (d) The DPG
mutase, DPG ase and PGA mutase activities of peak III wer~ lost
at the same rate on thermal inactivation.
From the high yield of DPG mutase and DPG ase activities
in each of the purification steps, the purified enzyme (peak III)
seems to be responsible for the 2,3-DPG metabolism in human red
cells. Furthermore, peak III has the known properties of both
activities, i.e. activation or inhibition by various effectors
(Table 6) [14, 36, 38,67) •
Our results agree with a suggestion by Rosa et aZ. [61].
Rose has reported that DPG mutase is concentrated around pH 5.2
in isoelectri"c focusing [38]. Although this preparation had
PGA mutase and DPG ase activities, the latter was not ordinarily
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displayed in the absence of 2-phosphoglycolate [38]. Our fi-
nal preparation obtained by isoelectric focusing of peak III had
not only the DPG mutase and PGA rnutase activities but also DPG
ase activity whiÅëh could be displayed in the absence of 2-phos-
phoglycolate (see Table 6).
     As described in Chapter 5, it has become clear that "the
multifunctional enzyme" which can display the three enzyme(DPG
mutase, DPG ase and PGA mutase) activities exists not only in
human erythrocytes but also in other cells such as pig erythro-
cytes, rabbit muscle and yeast.
     It is unlikely that the PGA rnutase activity of peak III
plays an important role in glycolysis in human red cellst because
other main PGA mutases(peaks I and II) with higher activities have
been found. At present, the significance of the presence
ef chromatographically distinct PGA mutases(peaks I and Ir) is
not clear. The separation of the two peaks rnay be due to a
difference in net charge between the.phosphorylated and dephos-
phorylated enzyme or indicate the presence of isozymes of PGA
rnutase in red cells.
     So far as we have tested, no remarkable difference in enzy-
rnic properties between peaks : and II could be found. The high-
er DPG mutase or DPG ase activity ratio of peak rl, as compared
with that of pealc r, could be caused by a small contarnination of
peak IZZ in peak :I. Howevert it is very likeZy that not' only
the PGA rnutase protein of pealc I but also that of peak IT has in-
trinsic DPG mutase and DPG ase activities.
     Thus, peaks :II and : (probably also peak IZ) have three en--
S6
zyTne activities in different ratios. The structural analyses
of these enzynes are in progress to get informatiop on struc--
tural difference which may cause the appearance of the enzyrnes
with differing ratios of three activities. rt would be useful
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CHAPTER 4 MuLTIFUNcT!ONAL ENZYME-PHOSPHOGLYCERATE MUTASEI
2,3-DIpHOSPHoGLYCERATE PHOSpHATASE!DIPHOSPHOGLYC•-
ERATE I-luTAsE FRoM HutvtAN ERyTHRocyTEs
EvrDENcE FoR A CoMMoN AcTlvE SITE
     Simultaneous purification of DPG mutase, DPG ase and PGA
rnutase from human red cel!s has !ed to the conclusion that the
three enzyme activities are displayed by the same enzyme pro-
tein (Chapter 3). Human red celis contain at least two kinds
of the enzyme protein with different ratios of the three enzyme
activities. Peak I is extremely high in PGIL rnutase, whereas
peak III has high DPG mutase and DPG ase activities which corre-
spond to about 95g of their total activities in red celis.
Peak I probably functions as PGA mutase in the glycolysis and
peak TII is chiefly responsible ior the 2r3--DPG metabolism.
     For the better understanding of not only the regulatory
mechanisrn of 2,3--DPG metabolism but also of the rnechanism by
which one enzyme catalyzes three kinds of reactionst it is neces-
sary to reveal whether the three activities of peak Xr! enzyrne
are exhibited at a common active site or diffe=ent sites.
     This chapter gives evidence that the three activities are
attributable to a comrnon aetive site at which one arnino group
essential for the binding of diphosphoglycerates is located-
MATERrALS AND "dETHODS
EP:gA!s--,E,Et-slsg!M!!!9ek::rE "
     The procedures for purification of peak :Ir enzyme frem
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human erythrocytes were as described in Chapter 3. The enzyme
was stored as a precipitate in 75% ammonium sulfate. The en-
zyrne protein was collected by centrifugation and was dissolved
in 25 roM borate buffer pH 7.65 containing 0.1 roM EDTA, To re-
move ammonium sulfate, the enzyme solution was passed through a
Sephadex G-SO column (1 x 27 cm) equilibrated with the above
buffer. These procedures were carried out at O-SoC. The en-
zyme solution was freshly prepared on the day of the experiment.
A value of 61,000 (Chapter 3) was used as the molecular weight
of the enzyme for calculations.
Other Materials
2,3-DPG, 3-PGA, DL-glyceraldehyde 3-phosphate and glycer-
aldehyde-3-phosphate dehydrogenase were obtained from Boehringer-
+Mannheim. NAD and phosphoglycolate were from Sigma. DL-2-
PGA was synthesized and purified by the methods described in Chap-
ter 1. 1,3-DPG was synthesized enzymatically and then puri-
fied with a modification of Rose's method [14]. TNBS and
sodium dodecyl sulfate were purchased from Wako Pure Chemical
Industries, Ltd.
Enzyme Assays
DTNB was from Nakarai Chemicals, Ltd.
DPG mutase (by Assay Il, DPG ase (by Assay I) and PGA mutase
were assayed as described in Chapter 3.
Inactivation by Trinitrobenzenesulfonate
Trinitrophenylation of the enzyme was performed in borate
buffer containing KCl and NaCI.
ulate intracellular conditions.
60
These salts were added to sim-
Details of experimental con-
ditions are describedi in the legends of figures and tables in
this chapter.
Quantification of Trinitro hen l Grou Incor oration
     The extent of trinitrophenylation was rnonitored directly
in the inactivation nixture at 367 nm, assuming a molar absorp-
tion coefficient of io,soo M'-icrn'i for the trinitrophenyi group
[77,78]. All spectrophotometric measurements were rnade in a
Shimazu double--beam spectrophotorneter UV-200 against an apprO-
priate blank.
St18,EE!!zslE!E-l2g!g![g!lng!iLs2uifhdiDterrnination
     By usÅ}ng DTNB, the sulfhydryl groups were deterTnined ac-
cording to the method of Ernest [79,80]t At various times dur-
ing trinitrophenylation, a O.3 ml aliquot was diluted into O.9
ml of 40 mM borate buffer pH B.O containing 2 rn"1 EDTA and 5 mM
lysine. Lysine instantly stopped further trinitrophenylation
of the enzyme by consuming excess TNBS. After extensive di-
alysis against 40 m)4 borate buffer pH 8.0 containing 2 rnM EDTA,
the sarnple was adjusted to contain 2Z sodium dodecyl su:fate
and then an excess of DTNB was added. The abserbance at 412
nrn was deterrnined against a protein blank and a molar absorption
coefficient of 13,6oo M'-lcm'i was used to calcuiate the moles
of sulfhydryl group present [81].
Determination of Molar Absor tion Coefficient of Peak X!r Enz me
     A molar absorption coefficient of peak rll enzyme at
Was deterTnined by rneasuring - absorbance at 280 nrn and the
Content of the enzyrne solutions. The nitrogen content




deterrni~ed by a micro-Kjeldahl method. Prior to digestion,
absorbance of the enzyme solutions was measured at 280 nm. The
protein concentrations of the enzyme solutions were calculated On
the assumption that the nitrogen content of the peak III enzyme
protein was 17%, an average value for many proteins. From the
values of the absorbance of
the protein concentrations,
the enzyme solutions and those of
1%
a value for A280 nm was calculated
to be 16.0 + 0.4. The molar absorption coefficient at 280 nm
was calculated to be 9.8 + 0.2 x 10 4 M-lcm- l from the molecular
weight, 61,000, of the enzyme (Chapter 3).
RESULTS
Inactivation of the Three Enzyme Activities by Trinitrophenyla-
tion
When peak III enzyme was incubated with TNBS, the DPG mu-
tase, DPG ase and PGA mutase activities were lost at the same
rate, as shown in Fig. 22. A plot of log residual activity(%)
versus the incubation time is linear, indicating that the inacti-
vations follow apparent first order kinetics. The presence of
2,3-DPG in the incubation mixture reduced the inactivation rates
of the three enzyme activities to the same extent. It should
be noted that 2,3-DPG is a substrate for both DPG ase and PGA
mutase, and acts as an inhibitor which is competitive with 1,3-
DPG in the DPG mutase reaction [14,39J. If it can be demon-
strated that the trinitrophenylated amino group or groups are
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Fig. 22. TNBS--inactivation of the three enzyme activities.
     The inactivation mixture contained 1 vM enzyrnet O.08 mtift
TNBS and O.4 rn)"! 2,3-DPG(----) or no 2,3-DPG( ) in buffer A(25 rnM borate buffer pH 7.65 containing O.1 mM EDTA, O.13 M KCI
and O.02 M NaCl). The temperature was 25eC. At appropriate
timest aUqupts were removed for assays (O.2 ml for.PGA mutaset
O.02 ml for DPG rnutase and DPG ase). Per cent activity was
calculated on the basis of activity obtained in the absence of
TNBS. Enzyrne activities were: DPG mutase( O )t DPG ase( A }











     Fig. 23A shows tirne courses of both
of the loss of•the PGA mutase activitY Of
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                             'inactivation was observed in the absence
trinitrophenylation and
 the enzyme. Rapidi




















9 0 0.2 O.~ 0.6 0.8 1.0
'IDLE TNP INCORPORATED/MoLE EllZY~IE
Fig. 23. (A) Time course of trinitrophenylation and loss of the
PGA mutase activity of the enzyme.
The reaction mixture contained 5.1 ~M enzyme, 0.12 mM TNBS
and various concentrations of 2,3-DPG in buffer A (see legend
for Fig. 22). The temperature was 25°C. The absorbance at
367 nm was monitored continuously against an appropriate protein
blank to determine the extent of trinitrophenylation. At vari-
ous times, a 0.05 ml aliquot was removed for the PGA mutase as-
say while absorbance at 367 nm was noted. Per cent activity
was based on the activity obtained in the absence of TNBS. En-
zyme activities were • , A and • Absorbances at 367 nm
were 0 , li. and 0 The concentrations of 2,3-DPG were: none
( • , 0 ), 1 roM ( A , li. ) and 5mM ( • , 0 ).
(B) Residual activity versus mole of trinitrophenyl group
incorporated per mole of enzyme in the absence of 2,3-DPG.
Values shown in (A) ( • , 0 ) were replotted. Moles of the
trinitrophenyl group incorporated per mole of enzyme were calcu-
lated as described in "Materials and Methods".
presence of 5 roM 2,3-DPG strongly repressed the trinitrophenyla-
tion and protected the enzyme almost completely from inactivation.
In the absence of 2,3-DPG, inactivation and trinitrophenylation
show a linear relationship up to 60% inactivation of the enzyme
(Fig. 23B). Extrapolation of the linear portion of this curve
to zero activity reveals that incorporation of about 0.82 mole
64
Table 8. Sulfhydryl Cotent of Peak !II EnzyTne during Trinitro-
phenylation.
     The reaction mixture for trinitrophenylatton was the same
as in the experirnent of Fig. 23. At various times during in-
cubation, a O.05 ml aliquot was removed for the PGA mutase assay
and a O.3 mi aliquot for the determination of sulfhydryl content.
Sulfhydry1 determination were carried out as described in "Mate'
rials and Methods". Per cent activity was based on the activity
obtained in the absence of TNBS.
Incubatlon











   5.7
   5.6
   S.B
of trinitrophenyl group per mole of enzyme inactivates the en-
zyme completely. Deviation from unity probably originates in an
error in calcuiating Altso nm or in an erroneous molecular weight
or both. Although TNBS is generally considered to be an arnino-
specific reagent, at high concentrations, it reacts with thiol
groups [82]. In order to ascertain that the inactivation re-
                            'sulted in rnodification of an arnino group, the sulfhydryl content
was determined for the native and for the trinitrophenylated end
zyrnes. The sulfhydryl content remaÅ}ned constant at the value
Of S•7 for the native enzyme through 85t inactivation (Table 8).
It is concluded irorn these results that the inactivation by TNBS
iS attributable to trinitrophenylation of one arnino group which
is essential for the three enzyme activities•
 Effects of Phos hate Com ounds on TNBS--Inactivation
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vatÅ}on of the PGA mutase activity by TNBS and their known func-
tions in the three enzyme reactions. It was confirmed that
the DPG mutase and DPG ase activities showed the same pattern as
the PGA mutase activity regarding inactivation with TNBS in the
presence and absence of the compounds tested. Of the three ac-
tivities, the PGA mutase activity could be measured most accu--
rately, since it was relatively insensitive to the phosphate com•-
pounds breught from the reaction mixtures for trinitrophenylation.
For this reason, the PGA mutase activity is expressed as a repre-
sentative of the three activities.
     A significant protective effect was observed in the presence
of 2,3-DPG or 1,3-DPG.
     Monophosphoglycerates did not protect the enzytne from inacti-
vation at the concentrations which would be adequate based upon
Km value of DPG mutase [39] and Ki value of DPG ase [36]. At
high concentrations, monopho$phoglycerates exerted a protective
action.
      Znorganic phosphate and 2--phosphoglycolate were not protec-
 tive. Both compounds were stirnulatory toward DPG ase (Chapter
 3r [36]) and inhibitory toward DPG rnutase (Chapter 3, [14]) and
 PGA rnutase.
      Since enzymatic hydrolysis of 2,3--DPG is negligible under the
 conditions used for cheinical modification, it is evident that the
 protective effect in the presence of 2r3-DPG results from the bind-
 ing of this compound with the enzyme.
      The 1,3-DPG preparation aiways centains 3--PGA and inorganic
 PhOsphate because of the lability of the aeyl-phosphate group in
67
Table lU. Protective Effect of 1,3-0PG on TNBS-Inactivation.
The reaction mixture contained 0.25 ~M enzyme, 0.7 roM TNBS,
0.1 roM EOTA, 0.13 M KCl, 0.02 M NaCl and l,3-DPG or 2,3-0PG at
the indicated concentrations in 25 roM borate buffer pH 8.0.
After incubation for 3.75 min at DoC, the PGA mutase activity
was assayed by using a 0.2 ml aliquot. Per cent activity was
based on the activity obtained in the absence of TNBS.
l,3-DPG Activity 2,3-0PG Activity
roM % roM %
0 17 0 17
0.043 47 0.010 22
0.140 53 0.035 28
0.250 74 0.063 34
1,3-0PG. Therefore, the OPG mutase activity of the enzyme can
result in 2,3-0PG from the 1,3-0PG preparation without addition
of 3-PGA. Since most of the added l,3-0PG was converted rapid-
ly to 2,3-0PG under the conditions in Table 9, the protective
effect in the presence of 1,3-DPG might be due to the 2,3-DPG
produced. In order to examine the effect of 1,3-DPG on inacti-
vation of the enzyme by TNBS, experimental conditions were se-
lected so as to repress the conversion of 1,3-DPG to 2,3-DPG as
much as possible. Repression was partially fulfilled by carry-
ing out the modification at low temperature and alkaline pH in
the presence of a high concentration of TNBS. TNBS reacts with
amino groups at alkaline pH more rapidly than at an acidic one
[83]. Results under these conditions are summarized in Table
10. After incubation of the enzyme with TNBS for 3.75 min, the
enzyme was inactivated to 17% of the original activity. The
inactivation was greatly reduced by increasing the 1,3-DPG con-
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centration in the reaction mixture. It was found from sepa-
rate experiments that 15-25% of the 1,3-DPG initially added was
converted to 2,3-DPG during the incubation for 3.75 min in the
absence of TNBS. When 2,3-DPG Was added to the reaction mix-
ture at the concentrations corresponding to 25% of 1,3-DPG, the
protective effect was weaker than that of l,3-DPG. From these
results, it is clear that l,3-DPG is also capable of protecting
the enzyme from inactivation by TNBS.
These results suggest that one amino group essential to the
three activities plays an important role in the binding of di-
phosphoglycerates to the enzyme.
Protection by 2,3-DPG
A dissociation constant of the binary complex of the enzyme
and 2,3-DPG was determined by analyzing the protective effect of
the phosphoglycerate. The value obtained was compared with
the kinetic constants of 2,3-DPG in the enzyme reactions.
The TNBS-inactivation of the enzyme is an apparent first
order reaction in the presence and absence of 2,3-DPG (see Fig.
22). Based on the assumption that the protective effect of
2,3-DPG is due to competition with TNBS, the inactivation of the
enzyme in the presence of 2,3-DPG is expressed with the following
equation.
d[EI] ~
dt k([E]O - [EI) - [E 2,3-DPG]) Eq. 1
where k is an apparent first order rate constant and E is the en-
zyrne. [E]O and [EI] represent the initial concentration of the
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enzyme and the concentration of the trinitrophenylated-inactive
enzyme. The enzyme species are related to the dissociation
constant (Kd) of the enzyme-2,3-DPG complex by Equation 2.
([E] a - [EI] - [E 2 ,3-DPG]) [2 ,3-DPG] =
[E 2,3-DPGJ Kd Eq. 2
From these equations, the following equations are obtained.
log
[E] - [EI]a
= -k't Eq. 3
k Kd
2.303 . Kd + [2,3-DPG] Eq. 4
In order to estimate k' values, inactivation of the enzyme by
TNBS was followed while varying the concentration of 2,3-DPG
from 0 to 1.0 roM. As shown in Fig. 24A the inactivation is a
first order reaction as predicted by Equation 3. From the
slopes of the straight lines, k' values were calculated to be
0.075, 0.036, 0.020 and 0.012 min- l for 0, 0.2, 0.5 and 1.0 roM
2,3-DPG. A plot of 11k' versus the concentration of 2,3-DPG
was linear (Fig. 248) and yielded a dissociation constant(Kd)
of 180 lJM. These experiments were carried out in the presence
of 0.13 M RCI and 0.02 M NaCl in order to simulate intracellular
conditions of ionic strength and ion species involved [84J.
The same kind of experiments were performed in the presence of
0.1 M RCl, because basic properties of DPG mutase and DPG ase
have been studied at this ionic strength [36, 39]. The pattern
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Fig. 24. Determination ef the dissociation constant{Kd) of the
2,3-DPG-enzyme complex from the protective effect.
     (A) The incubation mixture contained 7.0 vM enzyme, O.1 mbC
TNBS and 2t3-DPG at the indicated concentrations in buffer A (
see Xegend for Fig. 22). The te:nperature was 250C. At various
times, a O.05 rn1 aliquot was removed for PGA mutase assay. Per
cent activity was based on the activity obtained in the absence
of TNBS. The concentrations of 2,3-DPG were: none( A ), O.2 rnM(A )t O.5 rnM( O} and 1.0 rnM(e ). ÅqB) A plot of 1!k' versus
the concentration of 2,3-DPG. Values of k' were ealculated
from the slopes of lines in (A).
                                                          . -lshown). Values of k' were O.085r O.050, O.038 and O.026 rnin
for O, O.05, O.10 and O.20 rn)4 2,3-DPG. A value for the disso-
ciation constant(Kd) was calculated to be 82 uM.
     Kinetic studigs on the PGA rnutase activity of peak I:I enzyrne
were perforrned in order to determine a Km value for 2,3-DPG.
As shown in Fig. 2SA, the PGA mutase was inhibited by substrate
(2•-PGA) competitively with respect to 2,3-DPG. The initial
velocity(v) undbr these conditiens is expressed by the following























Fig. 25. Deterrnination of Krn value of 2,3-DPG from the kinet-
.ics ef PGA mutase reactions.
     (A) The reaetion mixture eontained 7.3 vM enzyTne, 2-PGA
and 2t3-DPG at indicated concentrations in 2.0 ml of buffer A(
see legend for Fig. 22). The temperature was 25eC. The con-
3•Ciig):';/ll?,I,i'fie.:•/(g.S'les:.i,,g'x•li•g,i•s,f:tg4'j,rg["faeiu,i!',/)i:•/1:•iptli:ieg(x.g,e),p::,:r.i7s./?,,Y.,
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                     v
     V= [2,l;.IIDpG] a+ [2-Il2. A]) +i Eq• s
v and Ki are the rnaximum velocity and the inhibition constant
of 2-PGA. Therefore, the apparent Krn values for 2r3-DPG, ob'
tained from the intercepts on the abscissa of Fig. 2SA, are
equal to Kin(1 + [2-PGA]/Ki). Plotting the apparent Krn values
versu$ the concentration of 2-PGA gave a straight line (Fig. 25B}.
From the intercept on the ordinate, the IÅqrn value for 2,3-DPG was
calculated to be 200 pM in the presence of O.13 M KCI and O.02 M
NaCl. In the presence of O.1 M KCI, the Krn value decreased to
80 vM (data not shown).
     These constants are sumarized in Table 11. Good agree-
ment of the kinetic constants with the dissociation constants
leads to the Åëonclusion that 2,3-DPG protects the enzyme througti
competition with TNBS for the one amino group located at the
2,3-DPG binding site.
!tl2!s2!gg!iLgp-!2z-D!g!!gEutgsLRbggELzsg!A!gEtt bMhh1 ats
     Kinetic studies on the PGA mutase activity in the previous
section showed that 2-PGA could interact with the 2,3-DPG binding
site. The protective effect of monophosphoglycerates at high
concentrations rnay be attributable to the binding of the mono-
phosphoglycerates to the diphosphoglycerate-binding site.
Quantitative analyses were performed by coTaparing the inhibition
COnstant of monophosphoglycerate in the PGA rnutase reaction with
the dissociatioh constant of the enzyme-monophosphog:ycerate
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Fig. 26. Deterrnination of the dissociation constant(Kd) of the
2-PGA-enzyme cornplex from the protective effect.
     (A) The incubation mixture contained 2.0 vM enzyme, O.1 rrth1
TNBS and 2-PGA at indicated eoncentrations in buffer A(see legend
for Fig. 22). The ternperature was 250C. At various tirnes, a
O.2 ml aliquot was rernoved for the PGA mutase assay. Per cent
activity was based on the activity obtained in the absence of
TNBS. The concentrations of 2-PGA were: none( A ), 1.1 mM( A )t
2.7 rnM(O) and 5.0 ntM(e ). (B} A plot of 11k' versus the cond
centration of 2-PGA. Values of k' were calculated frorn slopes
of lines in (A).
proteetive effect of monophosphoglycerate in the same way as for
2,3-DPG. As shown in Fig. 26A, inactivation of the enzyme by
TNBS in the presence of 2-PGA was an apparent first order reaction.
Frorn the slopes of the straight lines, ,k' values were calculated
to be O•080t O.058, O.042 and O.029 min-1 for O, 1.1, 2.7 and 5.0
rnM of 2-PGA. A plot of 11k' versus the concentration of 2-PGA
was linear CFig. 26B), and the dissociation constant{KdÅr was de-
terrnined to be 2.5 rnM. The inhibition constant of 2-PGA(Ki) waS
calculated to be 2.0 mbl frorn the intercept on the abscissa of Fig.
25Bt Good agreernent of the inhibition constant with the disso'
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Table 11, Sumary of Constants for 2,3--DPG and 2-PGA.
     Kd is the dissociation constant obtained from cheutical
modification experiments. Kin and Ki are kinetic constants


















ciation constant indicates that the protective effect of 2-PGA
is through the direct interaction of this compound with the di-
phosphoglycerate-binding site (Table ll).
     With 3-PGA, the dissociation constant was 2.6 mM (data not
shown). Although the inhibition constant of 3-PGA was not-
deterndnedt the dissociation constant was in the range in which
the protective effect was observed (see Table 9).
DrscussloN
     Peak rr! enzyrne from human red celis is a multifunctional
enzyme which includes DPG mutase, DPG ase and PGA mutaser and
which is responsible for the 2,3-DPG metabolism (Chapter 3).
Trinitrophenylation of about one amino group per mole of enzyrne
resulted in complete loss of the three enzyme activities.
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DiphosphDglycerates(2,3-DPG and 1,3-DPG) inhibited trinitrophen-
ylation and protected the enzyme from inactivation. Quanti-
tative analyses of their protective effects indicated that the
   ,arnzno group was a residue located at the diphosphoglycerate-bind-
ing site instrumental to the three enzyme activities.
     Peak rll enzyme is compesed of two subunits of molecular
weight 29,OOO daltons (Chapter 3). Rose has shown with the
DPG mutase from human erythrocytes that one phosphoryl group per
subunit is covalently bound upon incubation of the enzyTne with
either 1,3-DPG or 2,3-DPG [3B]. !t is of interest that complete
inactivation of the enzyme is achieved by trinitrophenylation of
one amino group per dimer. These observations might be explain-
ed by the model of Levitzki et aZ. [85] in which binding of a li-
gand on one subunit hinders subsequent ligand binding of the
neighbouring subunit. This type of interaction has been termed
"haif-of-the-sites reactivity" and is reported for several en-
zymes having subunit structure [85]. A conformational change of
one subunit induced by the binding of TNBS may be transmitted to
the neighbouring subunit so that neither TNBS nor diphosphoglyc-
erates can bind to it.
     Although further studies on the three enzyrne activities are
required to show clearly the mechanism by which they are exhib-
ited at a cortmon active site, a tentative rnodel is presented
based upon the results in thischapter and upon kinetie studies
on DPG ase [36] and DPG mutase [14,38,39]. Peak rll enzyme
seeMs to possess two separable sites on the enzyrne moleeule.
One is exclusiveZy available for rnonophosphoglycerates and
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another for diphosphoglycerates. Monophosphoglycerates can
bind to the diphosphoglycerate site with the lower affinity.
When the two site$ are occupied by 3-PGA and l,3-DPG, the DPG
mutase reaction proceeds. With DPG mutase frorn human red
ceils, an ordered sequential pathway has been presented in which
ir3-DPG binds with the free enzyme, followed by the cornbination
with 3-PGA to form a ternary complex [14]. 2,3•-DPG is a potent
inhibitor cornpetitive with 1,3--DPG [14, 39]. rf the two sites
are occupied by 2 or 3-PGA and 2,3-DPG, the enzyTne becomes PGA
rnutase. When the diphosphoglycerate site is filled by 2,3-DPGt
the enzyrne is converted into DPG ase. It has been shown that
the ftlling the monophosphoglycerate site with 2,3--DPG is essen-
tial for the functioning of the DPG ase oi yeast PGA mutase [49].
It is not known whether the monophosphoglycerate site is filled
by 2,3-DPG when peak IIr protein functions as DPG ase. The
Å}nhibitory effect oi monophosphoglycerates on DPG ase is due to
the conversion of the enzyme into PGA mutase. Inorganic phos-
phate and 2-phosphoglycolate probably interact with the rnono-
phosphoglycerate site to stimulate DPG ase. These compounds
are inhibitor for the other two enzyme activitÅ}es. With this
model, known functions of phosphate compounds in Table 9 seem to
 be interpretable to a great extentt although not completely.
      It is unlikely that the PGA mutase activity of peak III en-
 zyme plays an irnportant role in glycolysis in human red cells,
 because peak I enzyme with a higher activity has been feund {
 Chapter 3). Physiologically it is of importance that the two
 enzyme activities responsible for 2,3-DPG metabolism are dis-
77
played at a common active site on one protein. The kind of
reaction which occurs depends on the affinities of substrates
with the enzyme and on substrate concentrations in the cell.
The diphosphoglycerate bound to the diphosphoglycerate site defi-
nitely selects the enzyme activity which will operate. Zn ad-
ditiont as seen in the case of inorganic phosphate, the effect of
a ligand on one of the two enzyme activities can be magnified by
exerting the opposite effect on another one. Normally an ir-
reversible reaction accompanying the consumption of a high energy
bond and its reverse reaction are catalyzed by different enzyrnes.
Regulation of the reactions is etfectively achieved by an effector
exerting one effect on one enzyme and the opposite effect on the
other. Interconversion between fructose lt6-diphosphate and
fructose 6-phosphate is a case in whSch AMP activates phospho-
fructokinase and inhibits fructose-1,6-diphosphatase [86]. From
this peint of viewr the regulatory mechanism proposed for 2,3-DPG
metabolism in human red cells would be a new type of metabolic
reguZation a.chieved with one rnu!tifunctional enzyme capable of
catalyzing twe irreversible reactions.
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CHAPTER 5 MVLTIFUNCTIONAL ENzYME-PHospHoGLycERATE }IUTASEI
2,3-DIpHospHoGLycERATE PHospHATAsEID1pHospHoGLYc-
ERATE }IUTASE FROM VARIOUS SOURCES
     It ha$ been proved that 2,3-DPG-dependent PGA mutases from
various sources have the DPG ase activity [49,62,70-75]. Human
red eell PGA rnutases(peaks I, II and IIO have not only the DPG
ase activity but also the DPG mutase activity and this rnulti--
functional property of peak III enzyme is very irnportant for the
regulation of 2,3•-DPG metabolism (Chapters 3 and 4).
     In view of these points, the present investigation explores
the possibility that a 2,3-DPG-dependent PGA mutase generally
can Åëatalyze the decomposition and the synthesis of 2,3-DPG.
MATERIALS AND METHODS
Chemicals and Enz es
                                             '
     2,3-DPG, 3-PGA, DL-glyceraldehyde 3-phosphate, glyceralde-
hyde-3-phosphate dehydrogenase and rabbit muscle PGA mutase were
obtained frorn Boehringer-Mannheim. NIU)+ was from Sigma.
DL-2'PGA was synthesized and purÅ}fied as described in Chapter 1.
                                                          'Yeast PGA mutase was purified and crystallized by a new pro--
cedure [87].
!Elinz.u!!e-E!.fiAxEA s
     PGA mutasei.DPG ase {by Assay I} and DPG rnutase (by Assay I)
Were assayed as described in Chapter 3. ,
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     One. unit of enzyme activity is defined as the arnount of
enzyTne which catalyzes the conversion of 1 pmole of the substrate
to the product per min. SpeciEic activity is expressed as
units per mg of protein.
Protein Concentration
     Protein was deterrnined by rneasuring the absorbance at 2BO nrn.
Its concentration was calcuiated frorn the absorbance at 280 nm
                       Bbased on the values of A2so nm(rabbit muscle PGA mutase : 10.5,
yeast PGA mutase : 14.2, pig erythrocyte pretein : 10}.
RESULTS
DPG mutase Activit of PGA rnutases from Rabbit Muscle and Yeast
    The third activity, DPG mutase activity, wa$ searched in the
PGA mutases from rabbit muscle and yeast. As shown in Table
12, both PGA mutase proteins were found to have not only PGA mu-
tase and DPG ase activities but also DPG rnutase activity. Their
DPG ase and DPG rnutase activities, however, were very low com-
pared with PGA rnutase activity. This multifunctional property
observed in these enzyme proteins is same as that of peak I enzyrne
from human erythrocytes(Chapter 3).
Multifunctional Enz e-PGA mutaselDPG ase DPG rnutase in Pi
!E!!z!E!!!!9EZ)esi9th t
     PGA mutase, DPG ase and DPG mutase were co-purified from
 'pzg erythrocytes, which containe high level of 2,3-DPG as well
as hurnan erythrocyte, in order to prove the existence of the
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Tnultifunctional enzyTne+-PGA rnutase/DPG aselDPG mutase. All
stePs were carried out at O-40c.
     uH!}!!!g.urEag!1 t. To remove the serum, 3tSOO rn1 of pig bloed
obtained from a butchery was centrifuged at 4,500 x g for 5 min.
The red cells were washed three times with an equal volume of
O.9t NaCl containing O.1 mrV! EDTA. The buffy coat was rernoved
with suction. The packed cells(935 rnl) were hemolysed by
adding an equal volume of 10 Tnr"I Tris-HCI buffer pH 7.5 containing
O.2 inb4 EDTA and 10 nUvl 2-mercaptoethanol followed by freezing and
thawing.
     !t}lllL!s-S9Rg!!g!2g!Lg!}-!l!ElkS t DEAECIiulose. Tothehemelysates(
i,870 ml}, l30 g of DEAE-cellulose previously equilibrated with
5 mM Tris-HCI buffer pH 7.5 containing O.1 mM EDTA and 5 rnM 2-
mercaptoethanol(buffer A) was added and the mixture was stirred
for 3 h. The cellulose with absorbed enzyrnes was filtered on a
Buchner funnel and washed with successivet 4rOOO ml of buffer A
and 2,OOO ml of buffer A containing O.05 M KCI. Then, the
enzyrne was eluted by washing the cellulose wÅ}th 2,OOO ml oi buffer
A containing O.35 M KCI. The eluate was brought to 75g satu-
ration with solid anmoniurn sulfate.
     Arnrnonium Sulfate Fractionation. [Vhe precipitate was col-
lected by centrifugation at 6,900 x g for 20 rnin and was dissolved
in 750 ml of buffer A. Frorn the difference between the final
volume(840 rn1) of the solution and the asnount of the buffer usedr
an estimate was made of the quantity of ammonium sulfate in the
Precipitate. ' To this solutien, 124 g of solid ammonium sulfate
was added to bring the salt concentration to 27.5Z saturation.





































    p
    :
    's
    e
o.so 8
    s
    z
    x
    nO.2S
   o 40 80 120 160
                 --
               Fractton number
Fig. 27. Elution profÅ}ie from DEAE-pSephadex.
     (H} Absorbance at 280 nm: (M) DPG mutase; (Ar-A)
DPG ase; (O-O) PGA inutase; (---} KCI concentration. Activ-
ities are expressed as unÅ}tslml. 1.56 g of the protein puri-
fied by auurnonium sulfate fractionation was applied. Fractions
were 20 ml. The flow rate was 3 mllmin. The horizontal lines
indÅ}cate the fractions pooled after elution.
The precipitate was rernoved by centrifugation, and the super-
natant was brought to 65g saturation by the addition of 251 g
of solid ammonium sulfate.
     !Dl!i{}!!:sLgR!}ggg2s..s,ln!g!!!Asgg!!gR!lrEIYE LShdCh t h. Thecolleetedprecipitate
was dissolved in and dialysed against buffer A for 24 h. The
dialysed solution was added to a column C4.8 x 33 cm) containing
DEAE-Sephadex A--SO previously equilibrated with buffer A. The
column was developed with a 4,OOO rn1 linear gradient of KCI
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[rable 12. Multifunctional EnzyTne-PGA mutase/DPG ase/DPG mutase
from Vanou$ Sources.
Enzyme Specitic activity
PGA rnutase DPG ase DPG mutase
Rabbit muscle
  PGA mutase
Yeast
  PGA mutase
Human erythrocyte
  peak I enzyme
  peak III enzyTee
Pig erythrocyte
  lst peak
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rainging from O to O.65 M in buffer A. Fig. 27 represents a
elution profile showing protein concentration and PGA rnutase,
DPG ase and DPG mutase activities. The three enzyme activities
were separated into two peaks. The first peakCfractions 70-
94) contained about 82g PGA rnutase activity finally recovered
and small a"iounts of DPG ase and DPG mutase activities(3-4},
respectively). Most of DPG ase and DPG inutase activities(8S-
881} appeared in the second peak(fractions !07-l30) which had
also about 61 PGA mutase. Although the enzymes are not yet
cornpletely purified, these results strongly suggest that pig
erythrocyte as well as human erythrocyte (Chapter 3) has twg
types of the multifunctional enzyrne-PGA rnutaselDPG aselDPG rnu-
tase: one is high PGA mutase type and another one is high DPG ase
and DPG inutase type. The three enzyme activities of the two
peaks are shown in Table 12.
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DIscussroN
     The data sumarized in Table 12 led to the conclusion that
the 2,3-DPG-dependent PGA mutase generally exists as a muZti-
Eunctional enzyne-PGA mutase/DPG ase/DPG mutase. Ratios of
the three enzyme activities are variable depending on enzyme
sources. As shown in Table 13, the author proposes to classify
the multifunetional enzymes into two groups, Class I and Class
rl: Class I enzyrne has high PGA mutase activity and Class II en-
zyme has high DPG ase and DPG mutase activities. Therefor,
PGA mutases from rabbit muscle and yeastt peak I enzyme from
human erythrocytes(Chapter 3) and the first peak from pig eryth-
rocytes belong to Class I, while peak Ur enzyme frorn human
erythrocytes(Chapter 3) and the second peak from pig erythrocytes
belong to Ciass II. rn hurnan and pig erythrocytes, Class I
iSe:g.BiG .gt/a.SSafi:fiS:g2? of the Muitifunctionai Enzyrn.--pGA
Class Activity
PGAmutase DPGase DPGmutase



















enzyme probably functions in glycolysis and Class II enzymet in
the 2,3-DPG rnetabolism which is rnaintaining 2,3-DPG at a high
level. Howevert it is not established whether Class I enzymes
from rabbit rnuscle and yeast are responsible not only for gly-
colysis but also for 2,3-DPG rnetabolism in those cells containing
2,3-DPG at low levels.
     A conmon feature, one protein disp!ays the three enzyme ac-
tivities, rnakes it possible to assume that Class I and Class IZ
enzymes are coded by one gene, i.e. the proteins originally have
identicai structures. Based on this assumption, the author is
considering the rnechanistu of isornerization of the enzyrne as
follows. The structure of Class ! enzyrne would correspond to
the original structure. After the gene expression, the cells
which require high 2,3-DPG level(e.g. human and pig erythrocytes)
convert sorne of Class r enzyrnes into Class I! enzyTnes in order
to maintain 2,3--DPG at high levels. To obtain more inforrnations
on these problemst attempts to bring about the interconversion
between Class I and Class rr enzymes and structural analyses of








     A procedure for microdetermination of 2,3-DPG, utilizing
its role as coenzyme in the PGA mutase reaction is described.
The ceenzymic activity was deternined by assaying PGA mutase
polarimetrically without a coupled enzyrne. This rnethod is
applicable to samples containing as little as O.O02 umoie of
2t3-DPG!ml. The content in various biological extracts was
determined.
Chapter 2
     A direct method for simultaneously estimating the activity
of PGA rnutase and the concentration of 2,3-DPG in tissue homo-
genates and in the hemolysates of rnammals was established.
By thi$ methodt a rnarked increase in the activity of PGA mutase
was observed in the red cells of patients with anemia and con-
gestive heart failure, while the concentration of 2,3-DPG was
in the norTnal range.
Chapter 3
     DPG mutaser DPG ase and PGA mutase have been purified from
human red cells. Three enzymes were co-purified throughout
all purification steps. Three fractions(peaks I, II and Xrr)
                                                          --1which were chromatographicaliy separabie and had three actzvztzes
in different ratios were obtained.
     Peak rZl which contained the main DPG rnutase and DPG ase
activities was purified to hernogeneity by electrophoreltic and
                                            '
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 ultracentrifugal analyses• The homogeneous preparation had
 the PGA mutase activity. The three activities were iost at
 the same rate during thermal inactivation. Thus, DPG mutase
 and DPG ase activitiesr which are responsible for 2,3-DPG me-
 tabolism in red cells, are displayed by the same enzyme p=otein
 which has PGA mutase activity.
     Peaks I and II were rich in the PGA mutase activity.
 Both peaks showed DPG mutase and DPG ase activities, although
 these two activities wtere rnuch smaller than those of peak II!.
     Sorne of the enzymic properties of peak TII are described.
 Comparative studies on three peaks showed that the PGA mutase
of peak rlr differed from that of peaks r and rl in the kinetic
property and thermostability.
Chapter 4
     Multifunctional enzyrne-PGA rnutaselDPG ase/DPG mutase which
 -zs responsible for 2,3-DPG metabolisrn in human red cells (peak
rll enzyTne) was subjected to chemical modification by TNBS.
The three enzyrne activities were inactivated by TNBS at the
same
 rate. The sulfhydryl content of the enzyrne was unchanged
during trinitrophenylation, indicating that derivatization was
                                                  'through the amino group. TrinitrophenylatSon of about one
  tamino
 group per rnole of the enzyrne resulted in cornplete loss of
the three activities.
     Both 2t3-DPG and 1,3-DPG inhibited trinitrophenylation and
effectively protected the enzyme frorn inactivation. Although
monophosphoglycerates did net show any protective effect at con'
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centrations which should be adequate based upon their kinetic
constants, they were protective at higher concentrations.
     Inactivation by trinitrophenylation was an apparent first
order reaction. The dissociation constant of the enzyme-2,3-
DPG cornplex was determined by analyzing the first order reaction
on the assumption that the protective effect of 2,3-DPG was due
to a cornpetition with TNBS. The dissociation constant was in
good agreement with kinetic constants of 2,3--DPG in the enzyme
reactions, which indicated that 2,3-DPG did indeed exert its
protective effect through competition with TNBS for an amino
group of the enzyrne. The protective effect of monophospho-
glycerates could be rationalized with kinetic evidence that 2-
PGA at high concentrations interacts with the 2,3-DPG binding
 Fslte,
     These results indicate that the enzyTne exhibits the three
enzyrne activities at a common active site at which one amino
group essentia! for binding of diphosphoglycerates is loeated.
Based on the rnultifunctional properties ef this enzyme, a possi-
ble mechanisrn was discussed for regulation of 2,3-DPG metabolism
m human red cells.
Chapter 5
     PGA rnutases from rabbit muscle and yeast have been found
to have not only PGA mutase and DPG ase activities but also
DPG rnutase activity.
     PGA mutase,.DPG ase and DPG mutase were partially co-puri-
fied from pig erythrocytes. Elution profiles of the three
                                                      'enzyrne activities on DEAE-Sephadex coZurnn chrornatography strong:y
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suggested that pig erythrocyte as well as human erythrocyte has
two types of the rnultifunctional enzyme-PGA mutaselDPG aselDPG
mutase: one is high PGA mutase type and another one is high
DPG ase and DPG mutase type.
     These results led to the conclusion that a 2,3-DPG-dependent
PGA rnutase generaZly exists as a multifunctional enzyme-P(VX
mutaselDPG aselDPG rnutase. The author classified these multi-
funetional enzy:nes into two groups; Class r enzyne(hSgh PGA rnutase
type) and Class :I enzyrae(high DPG ase and DPG mutase type).
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